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INTRODUCTION 

Deposits on the surfaces of j e t  engines may cause ser ious 
performance losses .  The deposits may obstruct  flow, increase 
f r i c t i o n a l  res is tance,  and d i s t o r t  carefu l ly  prearranged flow pat- 
t e r n s  i n  turboje t s ,  ramjets, and rockets a l i k e .  Past  examples are 
the deposits found on turboje t  engine turbines and s t a t o r s  r e s u l t -  
ing from use of leaded gasolines or  carbon-producing f u e l s .  

The deposit  problem i s  now aggrevated by t h e  use of high- 
energy f u e l s .  The high-energy fue ls  of ten achieve t h e i r  improved 
impulse a t  the  expense of elements that produce s o l i d  and l i q u i d  
combustion products(1).  
dr ides  now being considered f o r  use i n  j e t  engines. Boric oxide 
i s  a combustion product t h a t  i s  e i t h e r  s o l i d  o r  a viscous l i q u i d  
a t  many engine conditions. 
oxide formed i n  a j e t  engine may be 15 times the engine weight. 
It i s  not surpr is ing that more a t ten t ion  i s  being given t o  deposi- 
t i o n  as f u e l s  of t h i s  type appear. 

Examples of these f u e l s  a r e  the  boron hy- 

On a long f l i g h t ,  the  amount of boric  

I n  general, t h e  troublesome surface deposits m y  e x i s t  i n  the  
form of hard granular so l ids ,  s o f t  agglomerates, congealed l i q -  " 

uids,  viscous f l u i d  films, or mixtures of each. 

* 

* 
The surface residues may or iginate  from: (1) combustion t 

products that e x i s t  i n  t h e  s o l i d  o r  l i q u i d  phase i n  the flame zone 

u c t s  of incomplete combustion, including residues of meta l l ic  
o r  i n  the subsequent p a r t s  of the engine, and ( 2 )  pyrolized prod- 

addi t ives  . 1 

I 

t/ 
The manner i n  which t h e  deposits contact surfaces  may r e s u l t  

from: 
z .=* 

* ( 1) Moiecuiar d i f fus ion  of condensable vapors 
' I  * 

)P Y (2) Diffusion of molecular c lus te rs  : G i g  

(3) Impingement of large 

p? I ,  

p a r t i c l e s  
i .  
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* The shape and s i z e  of the deposits a r e  influenced by t h e  
1 

physical  s t a t e  of the  const i tuents  of the deposi ts  and the dynamic 
forces  a c t i n g  on them. 

The loss  i n  engine performance caused by t h e  deposits i s ,  of 
course, dependent on the type of engine and t h e  p a r t i c u l a r  engine 
component involved. Some generalizations of the  e f f e c t  of depos- 
i t s  are possible,  s ince similar components a r e  present i n  a l l  j e t  
engines. 

These, then, are some of the  f a c t o r s  t h a t  must be t r e a t e d  i n  
a study of deposits on engine surfaces.  

O R I G I N  OF SURFACE RESIDUES 

Condensable Combustion Products 

One of t h e  l a r g e s t  p o t e n t i a l  sources of deposi ts  i s  from the 
combustion products t h a t  may be i n  the  l i q u i d  or s o l i d  phase i n  
the combustion zone, o r  from those products t h a t  may condense i n  the 
cooler s t a t i c  temperatures downstream of the combustor. The lower 
temperatures may a r i s e  from expansion of the working f l u i d  or from 
contacting cool engine surfaces.  Ty-pical troublesome combustion 
products a r e :  aluminum oxide, s i l i c o n  oxide, boric  oxide, magne- 
sium oxide, or,  i n  rockets, substances such as l i thium f luor ide .  

If the  temperatures and p a r t i a l  pressure of the combustion 
product a r e  known, the f i rs t  approximation of the  physical 
may be obtained from vapor pressures and melting-point data 
9f the type shown i n  f igure  1. Some of the high-temperature data 
may be s l i g h t l y  inaccurate;  f o r  example, there  i s  considerable 
s c a t t e r  of t he  experimental boric oxide vapor pressure.  

The vapor pressure data a r e  based on equilibrium conditions 
and thus w i l l  not be d i r e c t l y  applicable t o  the shor t  residence 
times encountered i n  j e t  engines. 

I f  the mechanism of deposition i s  t o  be understood, the phys- 
i c a l  state of the  deposi t ing 'const i tuent  must be establ ished.  Ad- 
mit tedly,  the p o t e n t i a l  deposit  may be i n  many forms; however, the 
pathway t o  many deposits appears t o  be through the l i q u i d  phase., 
The l i q u i d  phase i s  usually produced from vapors t h a t  condense t o  
form s m a l l  molecular c l u s t e r s  that  may eventually grow t o  l i q u i d  
drops. 

It i s  t h i s  l i q u i d  p a r t i c l e  growth t h a t  has an important 
bearing on deposition, s ince the s ize  of the  p a r t i c l e  defines the  
deposi t  mechanism, and the n7uiiber of these p a r t i c l e s  defines r a t e  
of deposit ion.  

The k i n e t i c s  of p a r t i c l e  growth i s  moderately well understood 
f o r  r e l a t i v e l y  slow condensation periods i n  a system t h a t  has a 
cont inual  replenishment of the condensing vapor of known physical 
p roper t ies .  Unfortunately, these a r e  not  the  conditions found i n  
j e t  engines. Since the formation deposi ts  a r e  so  strongly 
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Figure 1. - Vapor pressure of s m e  typical  combustion products. 

dependent on p a r t i c l e  growth, some of the r e l a t i o n s  used t o  de- 
scribe the growth w i l l  be presented herein.  
r e l a t i o n s  w i l l  be reviewed i n  some d e t a i l ,  s o  t h a t  some of the  
l imi ta t ions  i n  use w i l l  become apparent. 

The p a r t i c l e  growth 

The mater ia l  on p a r t i c l e  
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growth i s  p a r t i a l l y  based on two'summaries of t h i s  f i e l d  by 
Frenkel(6) and Stever( 7, . 

The various r e l a t i o n s  used t o  describe the  state of a conden- 
s i b l e  f l u i d  may be c l a s s i f i e d  as follows: 

(1) Thermodynamic treatment based on equilibrium conditions 
(Frenkel(6),  Helmholtz(8), G i b b ~ ( ~ ) ,  Thomson(lO)). 
t ions  a r e  applicable only f o r  long residence t i m e s .  

These rela- 

( 2 a )  Pseudo-kinetic methods based on formation of c r i t i c a l  
s i z e  drops t h a t  serve as nuclei  f o r  p a r t i c l e  growth (Volmer(ll), 
Becker and Doring(l2) Frenkel(6) Zeldovich(l3), and o thers ) .  
Apprcaches of t h i s  type a r e  b e s t  sui ted t o  moderate supersatura- 
t i o n  and constant vapor pressure.  

(2b) Refined k i n e t i c  methods t h a t  include p a r t i c l e  growth by 
simultaneous heat and mass t ransfer  t o  p a r t i c l e s  l a r g e r  than the  
c r i t i c a l  drop s i z e  (Oswatitsch( 14) ) , and those methods t h a t  s i m i -  
l a r l y  treat the s u b c r i t i c a l  p a r t i c l e  growth (Khntrowitz (15) and 
Probstein( 16)  ) . 

(3) Approximate k i n e t i c  treatment f o r  conditions of extreme 
supersaturation ( ~ e t z e ( 1 9 ) ) .  

Thermodynamic considerations. - The equilibrium s t a t e  of a 
gas may be described i n  terms of - f r e e  energy, equilibrium being 
defined as the condition were dF -+ 0. 
drop and the vapor surrounding i t .  

For the case of a l iqu id  

where 

N, number of vapor molecules 

N 2  number of l i q u i d  molecules 

F f r e e  energy of p a r t i c l e s  a t  given temperature T and pres- 
sure p 

0 surface tension 

r radius of p a r t i c l e  

Equation (1) may be rewrit ten without the  surface t e n s i o i  
term i f  the  f r e e  energy of the p a r t i c l e  i s  described i n  terms of 
t h e  i n t e r n a l  pressure of the drop. 

A t  equilibrium (dF=O), l e t t i n g  the t o t a l  number of p a r t i c l e s  
be constant (Nv+N1=C), 
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o r  

where Vi 
(continuum assumed). 
dF = V dp and a r r i v e s  at  

i s  the volume of a single molecule i n  l i q u i d  phase 
Frenkel(6) rewrites t h i s  equation by noting 

where 

k Boltzmann constant 

P ZnaVi 
h-=- 

P, 

p pressure surrounding the p a r t i c l e  

(3) 

p, pressure of vapor i n  presence of an i n f i n i t e  l i q u i d  

T temperature 

The same r e s u l t  may a l s o  be deduced by descr ibin the energy re-  
quired t o  evaporate a s i n g l e  drop (see Frenkel(6 $: ) . 

A s  a drop becomes small, equation (3) ind ica tes  t h a t  the 
vapor pressure re fer red  t o  the small drop i s  very high i n  compari- 
son with the vapor pressure referred t o  an i n f i n i t e  l iqu id .  Con- 
s i d e r  the case of drops of various s izes .  The small drops w i l l  
have a high vapor pressure,  l a rger  drops a lower vapor pressure.  
Vapor will tend t o  escape from the small drops more rap id ly  than 
from the large drops, causing a more rapid rate .of disappearance 
of small drops. A molecular viewpoint i s  sometimes used t o  de- 
s c r i b e  t h i s  phenomena: The surface molecules i n  the  smaller mole- 
c u l a r  c l u s t e r s  have fewer bonds holding them together,  the  number 
reducing as radius decreases, s o  that the probabi l i ty  of escape 
from the  small r a t h e r  than the large drops i s  increased. 

Although th i s  treatment i n f e r s  an - . s t ab le  c m d i t i o n  f o r  any 
p a r t i c u l a r  drop, the free-energy r e l a t i o n s  describe the most prob- 
a b l e  s i z e  d i s t r i b u t i o n  f o r  groups of drops i n  a Maxwellian gas. 
Equation (1) may be wr i t ten  t o  describe t h e  change i n  f r e e  energy 
of a group of vapor p a r t i c l e s  passing t o  the l i q u i d  phase: 

- -  
F - F, = aF = N ~ F ~  + N ~ F ~  + 4nr2u  - ( N ~ + N ~ ) F ~  (4)  

- 
where Fo = (Nv+N1)FV i s  t h e  f ree  energy of t h e  system a t  T and 
p when no drops a r e  present .  
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There r e s u l t s  

Fluctuations i n  density e x i s t  i n  a gas.  Thus, loca l ly ,  i n  the  
higher densi ty  regions the thermodynamic p o t e n t i a l  f o r  the l i q u i d  
phase e x i s t s .  Using the Gibbs re la t ion  t o  describe the  number 
t h a t  e x i s t s  i n  the  variable density f i e l d  gives. 

where Ng i s  the number of drops containing g molecules i n  a 
gas of C molecules. Equation (5) i s  v a l i d  only when Ng << C .  
For conditions where 
terms analogous t o  the  entropy of mixing must be included (see 
Frenkel(61, p. 383). 

Ng i s  an  appreciable f r a c t i o n  of the  t o t s l ,  

Equations (5) and ( 6 )  are the s t a r t i n g  point of most p a r t i c l e  
growth expressions. Rewriting equation ( 5 ) ,  t r e a t i n g  the vapor as 
a per fec t  gas, gives 

A t  equilibrium between l iquid and vapor phase, p = pw, t h e  
number of drops of dimension r i s  

N = Ce- 4nor2/kT 
g (9) 

i f  

gram of water vapor i s  about 6 . 1 X 1 0  . 
r i s  6.1x10-% em, and T = 1000° K, the  number of drops i n  1 

8 

A t  conditions of supersaturation where In p/p 00 i s  posi t ive,  
AF has the  property of increasing with r t o  a maximum value and 
then decreasing f o r  f u r t h e r  increases i n  r, as can be seen from 
equation (8) . 

- 

This value of c r i t i c a l  radius, r, where i s  a maximum may 

dF/dg* = 0; there  re- 
be detemined from equations (1) and ( 2 )  by wri t ing the  f ree-  
energy equation f o r  the c r i t i c a l  drop where 
s u l t s  AFg = 411or*~/3. It follows t h a t  

Treating the  unsaturated vapor case f i r s t ,  equations ( 6 )  and 
( 7 )  show tne decreasing probabi l i ty  of the number of p a r t i c l e s  as 
r increases,  since both terms of equation ( 7 )  are pos i t ive  and 
are increasing with r .  Small drops w i l l  form and grow i n  the  
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l o c a l  regions of high densi ty  but,  lacking the  thermodynamic ca- 
pac i ty  f o r  f u r t h e r  growth, will disappear as they next experience 
l o c a l  regions of lower vapor density. 

Above sa tura t ion ,  w i l l  increase with r t o  the c r i t i c a l  
drop s i z e .  r, 
but a f i n i t e  number of these c r i t i c a l  drops w i l l  e x i s t .  A chance 
c o l l i s i o n  of the c r i t i c a l  drop with a vapor molecule w i l l  increase 
the radius,  decreasing and increasing t h e  probabi l i ty  of ex- 
i s tence .  A t  t h i s  condition there  i s  no deter ren t  t o  f u r t h e r  
growth; the condition i s  unstable and has been described as t h e  
pathway of condensation. Frenkel(6) compares the  E* t o  an 
ac t iva t ion  energy of condensation. 

The number of drops w i l l  decrease w i t h  increasing 

Vollmer(l1) used the formation of c r i t i c a l  drops t o  describe 
a condensation r a t e .  His viewpoint was simply that t h e  vapor 
would disappear from the system by t h e  c r i t i c a l  drop s i z e  route .  
So, by summing the  t o t a l  number of c r i t i c a l  drops disappearing 
from the system, the  condensation r a t e  i s  establ ished.  Noting 
t h a t  only one molecule i s  required t o  move a drop p a s t  the  c r i t i -  
c a l  s i z e  t o  the s u p e r c r i t i c a l  size,  Vollmer wrote: 

Q = g*N*p (11) 

where g* i s  the number of molecules i n  a c r i t i c a l  drop; N" i s  
the  number of c r i t i c a l  drops defined by equations (8) and ( 9 ) ;  and 
p 
ing the number of molecules s t r i k i n g  the drop surface.  

i s  a coef f ic ien t  based on a simple k i n e t i c  expression describ- 

Frenkel(61, Becker and Doring(lz), Zeldovich(13), and others  
have re ta ined  the concept of a c r i t i c a l  drop s i z e  but have deter-  
mined the  condensation rates by another method. 
a f i x e d  drop s i z e  d i s t r i b u t i o n  i s  maintained, the evaporation from 
2 drop must equal t h e  condensation. Di f fe ren t ia l  expressions t h a t  
r e s u l t  i n  the evaluation of r a t e  of evaporation as a funct ion of 
stream conditions and drop s i z e  a r e  then wri t ten.  
r a t e  of evaporation and t h e  r a t e  of condensation (assumed equal t o  
the molecular condensation r a t e  i n  Vollmer ' s expression) , it i s  
possible  t o  solve f o r  p a r t i c l e  growth r a t e s .  The d i f f e r e n t i a l  ex- 
pressions f o r  drop s i z e  require  several  appro.ximations f o r  t h e i r  
solut ion.  A solut ion given i n  Frenkel(6) credi ted t o  
Zeldovi ch( l3 i s  

They note t h a t ,  i f  

Knowing the  

where I i s  t h e  r a t e  of formation of s u p e r c r i t i c a l  drops. This 
expression i s  almost i d e n t i c a l  with the  solut ion by Becker and 
Doring(12) . The corresponding equation of Vollmer ' s (11) w a s  : 

4nor*'/3kT 
kT I = Ce' 
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The exponential is the sam%; however, the bracketed 
differ . 

The value of the bracketed teras for water vapor at 
supersaturated so p/p, = 2.718 -. .  is 

terms 

300' K, 

[ ] Zeldovich = [ 3x10-23 {F] = 6.y-22 

All conditions being equal, the Vollmer expression indicates 
a more rapid formation of supercritical drops. Comparison of the 
quantity in the bracket can be misleading, since the exponential 
is the dominating expression. The effect of the exponential will 
be discussed later. 

T'ne complete expressions for particle growth must include 
further growth past the critical drop size. The methods usually 
used are essentially similar to those of Oswatitsch(14). 
recognized that, when molecules condensed on a drop, the heat of 
condensation would raise the temperature of the drop. The mass 
(and energy) transfer to the drop was equated to the heat transfer 
to the surroundings. Thus, a vapor acceptance rate was defined. 
The equations were based on molecular flow for small particles, 
and continuum flow for the large. Provision for accommxhtion co- 
efficients were included. 

Oswatitsch 

The expressions are: 

(Free 
molecule (15) 1 -& CP k (T2 - r - ro=- 

2 p2 conditions ) 

where 9 is the heat of vaporization, and C is a constant in- 
cluding an accommodation coefficient; C usually is = 1. 

( Cont inuun 
conditions ) 

Many refinemants to the critical drop size path for particle 
growth have been introduced in more recent y e a r s .  
Kantrowit~(1~), and Probstein(lG) have explored the time lag re- 
quired in forming the "critical drop" resulting from a change in 
saturation pressure. Coiiins' solution of Frenkel's differential 
equation of drop growth results in a relaxation time equal to 

Collins!lB!, 

where P is defined in equation (12) and 
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Collins noted t h a t  solving the expression f o r  water vapor a t  0' C 
and a p/p, of 4, the  relaxat ion t i m e  i s  1.4X10m6 second. Thus, 
if t h e  conditions of equation (17)  are satisfied, a very rapid 
supersaturation rate would be required f o r  departure from the  
self-nucleation expressions of Zeldovich(l3) and Becker and 
Doring(12). 

drop 
s ize ,  
r*, cm 

10x10'8 

3. 4X10'% 
5x10'8 

Limitations of the " c r i t i c a l  drop s i z e "  p a r t i c l e  growth 
ana lys i s .  - A s  noted, t h e  simple treatment of Vollmer was modified 
by Zeldovich and by Becker and Doring. A reduced s u p e r c r i t i c a l  
drop formation r a t e  resulted; but the difference between the  two 
expressions can be e a s i l y  masked by discrepancies i n  evaluating 
t h e  exponential term. 
(similar t o  Frenkel('), p. 39%) can be observed by the  e f f e c t  of 
the  supersaturation r a t i o  on the r e l a t i v e  rate of formation of 
s u p e r c r i t i c a l  drops. 

An example of the e f f e c t  of the exponential 

1.73X10-32 

3. 1X10m4 
9.1~10-9 

I saturat ion 
r a t i o ,  I PIP, 

2.718 tF 
The diameter of the  c r i t i c a l  drop does not  vary appreciably, 

bu t  the number of the drops undergoes a change. 

The s e n s i t i v i t y  of t h e  growth rate t o  values of the  exponen- 
t i a l  term has a l s o  been cSscussed by Stever(').  
t h e  s e n s i t i v i t y  t o  saturat ion pressure, Stever noted t h a t  t h e  
c r i t i c a l  drop radius  i s  a l inear  funct ion of U, the  surface ten- 
s ion.  Therefore, the nmber af c r i t i c a l  drops and thus condensa- 
t i o n  rates are dependent on .-KO3. A 26-percent e r r o r  i n  surface 
tension may introduce a lo5 error i n  condensation rate (a t  
p/p, = 7.4).  The probable error  will be g r e a t e s t  a t  conditions of 

la rge  supersaturation, since the c r i t i c a l  drop s i z e  i s  small a t  
these conditions and the constant value of surface tension would 
not  be expected t o  apply. 

I n  addition t o  

Head(19) suggests t h a t  the  Tolman(2) values of surface ten- 
s ion be used; that i s ,  
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where 6 = r /2  of molecule. 

Bogdonoff and Lees (21) analogize the  binding energy drops t o  
that of metal c rys t a l s .  With this and ca l cu la t ions  of Reed(22), 
they suggest that the  binding energy approximates E,/6 up t o  8 
molecules, f i n a l l y  approaching n o m 1  binding energies a t  c lus t e r s  
of 20 or  more molecules. I n  the case of some of the condensable 
f l u i d s  such as bor ic  oxide, f u r t h e r  complications arise i n  that 
the  condensable f l u i d  may r e a c t  with the  o ther  cons t i tuents  pres- 
en t .  There i s  strong evidence t h a t  water vapor r eac t s  with bor ic  
oxide, (B2O3) t o  form anhydrous boric a c i d  (HE302). Thus, the  
pathway t o  aggregation i n  t h i s  case can be influenced by competing 
chemical react ions.  

A s  s t i pu la t ed  by Collins(18),  the  expression f o r  re laxa t ion  . 
t i m e  i s  va l id  only " in  absence of complicating e f f ec t s "  and had 
g rea t e s t  u t i l i t y  f o r  t h e  pa r t i cu la r  cases he w a s  exploring. 
K a n t r ~ w i t z ( ~ )  and Probstein( l6)  analyzed re laxa t ion  times and were 
in t e re s t ed  i n  ca lcu la t ing  r a t e s  of heat  l i b e r a t i o n  from highly 
supersaturated,  rap id ly  expanding vapors. The Kantrowitz analysis  
emphasized the heating of t he  growing s u b c r i t i c a l  drops i n  a man- 
ner  somewhat analogous t o  the  Oswatitsch treatment of supe rc r i t i -  
c a l  drops. 
a l t e r ed ,  thus changing the relaxat ion times. 

The l o c a l  vapor pressure of t he  heated drop was 

Kantrowitz accepted the l a c k  of information on the various 
accommodation coe f f i c i en t s  and thermodynamic s t a t e s  i n  the s m a l l  
molecular c l u s t e r s  and r e s t r i c t ed  t h e  scope t o  comparison D f  t he  
t rends of the  ana lys i s  t o  experimental data. He hypothesized t h a t  
t h e  t i m e  t o  move from sa tura t ion  t o  condensation shock var ies  with 

the  qth power of the  degree of supersaturation. This was substan- 
t i a t e d  by experiment and t h u s  lends some credence t o  h i s  s t r e s s ing  
t h e  e f f e c t  of p a r t i c l e  heating on the  k ine t i c s  of e a r l y  growth 
processes. The p a r t i c l e  heating will increase re laxa t ion  time and 
thus reduce the  number of c r i t i c a l  drops formed. 

' Further problems i n  the use of the " c r i t i c a l  drop s i ze"  ap- 
proach e x i s t :  I n  l a rge  amounts of supersaturation, t he  expression 
"C" (eq. ( 6 ) )  and (13)) must be modified, f o r  no longer i s  
N t  << Ng. The solut ions of t h e  expressions then require  a tedious 
i t e r a t i o n  proce&;-e. 

It should be noted tha t  the  Zeldovich, Becker and Doring, and 
Vollmer expressions are based on a constant replenishing of vapor; 
whereas, i n  many cases the amount of condensable f l u i d  i s  constant,  
so  t h a t  the vapor i s  depleted during the p a r t i c l e  growth process. 
This, of course, w i l l  have a major e f f e c t  on the rate of p a r t i c l e  
growth. The complete ana ly t i ca l  expressions including t h i s  e f f e c t  
are qui te  complex; however, an  expression t h a t  i l l u s t r a t e s  t he  ef- 
fec t  of vapor disappearance c a n b e  developed f a i r l y  simsly. 
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I n  t r e a t i n g  the case of a large amount of supersaturation 
( p a r t i c l e s  highly subcooled), assume t h a t  the number of vapor 
molecules s t r i k i n g  the surface can be defined as 

where 9 i s  a d i f fus ion  coeff ic ient .  Vapor concentration i s  as- 
sumed zero a t  surface of the  drop. Noting t h a t  the  r a t e  of vapor 
condensation i s  

when nv,T=o i s  the  number of molecules of condensable f l u i d ,  the 
equation f o r  p a r t i c l e  growth i s ,  i f  the  number of l i q u i d  p a r t i c l e s  
i s  held constant, 

o r  

where 

The equation predic t s  extremely rapid growth of drops during 
the  t i m e  immediately after the c r i t i c a l  drops are formed, followed 
by slow growth. The slow growth i s ,  of course, the  r e s u l t  of de- 
p l e t i o n  of vapor. 

Nunerical examination of t h i s  equation and of equation (13) 
indicated one f u r t h e r  l i m i t a t i o n  of t h e  c r i t i c a l  drop s i z e  ap- 
proach. A t  conditions of large supersaturation, the  population 
dens i ty  of c r i t i c a l  drops becomes large.  
condensable f l u i d  e x i s t s ,  the  vapor i s  quickly depleted. Thus the 
probabi l i ty  t ha t  a c l u s t e r  of drops w i l l  c o l l i d e  with another 
c l u s t e r  increases .  Growth through c l u s t e r  c o l l i s i o n s  may then 
take place.  

When a f ixed  amount of 
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The probabi l i ty  of co l l i s ion  of one c lass  of molecules, c l a s s  
1, w i t h  another, c l a s s  2, can be approximated by the  following 
equation (Jeans (23) ) : 

Coll is ion probabi l i ty  of 1 with 2 = +(-)zkT kcl&g] 
where C i s  veloci ty  of the  sweeping p a r t i c l e  and S i s  the sum 
of the p a r t i c l e  diameters. 

The bracketed expression i s  a complex function containing 
the  e r ro r  function. However, if we examine only the case of a 
s ingle  veloci ty ,  t ha t  being the  most probable velocity,  and assume 

the  co l l i s ion  cross sect ion is  proportional t o  (gkj3 + g;/3)2, 
the expression may be evaluated eas i ly .  

The r e l a t i v e  probabi l i t i es  of co l l i s ions  of several  s e t s  of 
p a r t i c l e s  a re  shown a s  follows f o r  conditions of constant tempera- 
t u re  and constant p a r t i c l e  density. (Note: Probabi l i ty  is  pro- 
por t iona l  t o  density.  ) 

1 3 5 7 9 11 13 15 
Number of molecules in target particle 

Figure 2. - Effect of particle size on collision activity. 

The cumulative co l l i s ion  a c t i v i t y  of each of t he  molecular 
c l u s t e r s  w i t h  a11 s e t s  considered is  about the same. 
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I e 

Figure 2 serves only to indicate that collision activity of 
the larger particles must be included in determining terminal drop 
sizes when the particle density of the larger particles become 
significant. 

1 .  

An additional factor that must be observed is the ambiguity 
of the term p (eq. (12)) which describes the number of vapor mol- 
ecules contacting the drop. The growth expressions should be 
modified to properly account for the effect of particle size, dif- 
fusion of multiple molecular clusters, and the effect of other 
gases present. Diffusion equations of the type developed in a 
later section can be used as a basis of modification of the orig- 
inal diffusion equations. The usual Khudsen number relations can 
be usad to describe when the diffusion equations should be altered 
from the simple kinetic model. 

An approximate expression for large amounts of supersatur- 
ation - - Setze(17)developed analytical expressions for particle 
growth based on the growth activity of multimolecule clusters. 
The analysis supported his experimental data dealing with the 
growth of boric oxide particles at simulated jet engine conditions. 
The supersaturation was severe for all conditions, amounting to 
1800° R below the saturation condition. Some of the major assump- 
tions in the analysis were: 

(1) At the conditions of high supersaturation, all collision 
of the particles.results in the formation of larger particles. 

( 2 )  Particles are spherical. 

(3 )  At any time T after supersaturation, a narrow particle 
size range exists. 

(4) The particles act as large gas molecules. 

The unique assumption is ( 3 ) ,  which infers that the growth 
occurs through collisions of equal size particles, a like-on-like 
process. 
perimental observation that a very narrow size range of particles 
existed at the various stations downstream of the flame zone 
(various growth times). 
Gillespie(26) was cited by Setze; their work dealing with the 
aging of smokes indicated uniformity of terminal sizes and in- 
ferred uniformity of intermediate sizes. 

Justification for this assumption was based on the ex- 

Also, the work of Longstroth and 

The basic analytical expression used by Setze, 

- _ _  (Number collisions 
dT per unit time) 
de - J ~ N ~ D ~ U ~  

which integrated from time zero to time 'c holding the initial 
number of condensable molecules constant, results in 
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where 

k =  

the  quant i ty  V2/Vg i s  
l i q u i d  t o  gas; T i s  i n  
centimeter.  

(:E (20 .  56X1O-l2) 

the i n i t i a l  r e l a t i v e  volume of condensable 
9; and p2 i s  i n  grams per cubic 

The f a c t o r s  influencing t h i s  type of growth can be seen d i -  
r e c t l y  from the  k i n e t i c  growth equation, noting t h a t :  

1 Number rsf p a r t i c l e s  per un i t  volume - - 
D3 

ib Velocity of p a r t i c l e s  - 
c o l l i s i o n  cross section - D~ 

Then , 

Concentration Velocity Cross sec t ion  

A l s o ,  

In tegra t ing  and l e t t i n g  Vp = 0 a t  7 = 0, 

D - T ~ / ~  (20) 

One of the  predominant terms is the concentration l/D3. 
duction i n  number of p a r t i c l e s  as the  p a r t i c l e s  grow, strongly i n -  
f luences terminal s i z e .  A pleasant c h a r a c t e r i s t i c  of t h e  equation 
is the i n s e n s i t i v i t y  ~f the expression t o  drop s i z e  i n  the resi- 
dence times normally encountered i n  j e t  engines. The basic  equa- 
t i o n  exhibits a 0.4-power dependence of diameter on time. In t h e  
case of a t y p i c a l  condensable product, a very rap id  growth i n  the 
0 t o  2 millisecond range is  indicated, followed by r e l a t i v e l y  s l o w  
growth rates occurring i n  t h e  2 t o  30 millisecond range. This can 
be seen i n  f igure  3, where p a r t i c l e  diameter i s  p l o t t e d  as a func- 
t i o n  of residence t i m e .  The value k (eq. (19) )  corresponds ap- 
proximately t o  values encountered i n  t h e  use of boron hydride 
f u e l s  a t  j e t  engine conditions. Typical residence times of j e t  
engines are indicated.  

The re- 
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Time, T, sec 

Figure 3. - Theoretical par t ic le  diameter as a function of growth time f o r  K = 4X1O-l1. 

The e f f e c t  of k ine t ic  growth f a c t o r s  such as ef fec t ive  col-  
l i s i o n  cross sec t ion  can be examined d i r e c t l y  i n  r e l a t i o n s  of the 
s impl ic i ty  of .equation (20 ) .  For example, i f  the  p a r t i c l e  c o l l i -  
s ion cross sect ion were only 50 percent e f fec t ive ,  the drop s i z e  
would be reduced 26 percent.  Since the grea tes t  uncertainty i n  
p a r t i c l e  growth f a c t o r s  e x i s t s  during t h e  e a r l y  periods when the  
p a r t i c l e  i s  small, these e f f e c t s  may have s m a l l  influence on the 
terminal s i z e  i f :  (1) High supersaturation e x i s t s ,  and ( 2 )  rela- 
t i v e l y  long residence times are considered. 

Se tze ' s  equation (19)  and equation (17)  based on con- 
densation nuclei  a r e  similar i n  t h a t  both recognize the  diminution 
of condensable vapor and thus have r a p i d  ear ly  growth and very 
small s i z e  change i n  the l a t t e r  t i m e  per iods.  
t i o n s  during e a r l y  growth periods may not  a f f e c t  terminal drop 
s i z e  i f  s u f f i c i e n t  time f o r  growth i s  present .  The cases of 
g r e a t e s t  uncertainty occur i n  the shor t  residence t i m e s ,  as might 
be encountered i n  sudden expansion of a condensable f l u i d  i n  a 
nozzle. 
ested i n  the case where p a r t i c l e  growth has occurred p r i o r  t o  t h e  
nozzle. 

Errors i n  assump- 

Fortunately i n  deposition s tudies  we are usually in te res -  

--.- r;ip,erirnental data on drop s izes .  - Mucn of t h e  drop s i z e  data 

An example of t h i s  method i s  
f o r  the  residence time range of j e t  enginesGhas been obtained by 
the  l i g h t  s c a t t e r i n g  technique. 
given i n  reference 7 .  The r e l a t i o n s  between a n a l y t i c a l  r e l a t i o n s  
(based on c r i t i c a l  drop theory) and measured drop s i z e s  can be 
construed t o  give reasonable agreement ( Stever( 7 )  ) . 

Rather than enumerate all the l i t e r a t u r e  on measured and es- 
t imated drop s i z e s ,  a more detai led review w i l l  be presented of 
t h e  p a r t i c l e  measurements made by Setze (17 )  . 
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The p a r t i c l e  growth experiment was conducted i n  a 4-inch- 
diameter combustion tunnel using pentaborane-air combustion prod- 
u c t s .  The combustor resembled a flat-flame burner. A t  several  
s t a t i o n s  downstream of t h e  burner, portions of the  combustion 
products were sampled These samples were rap id ly  c h i l l e d  i n  a 
spray of l i q u i d  nitrogen. The solidified bor ic  oxide p a r t i c l e s  
were then col lected by an e l e c t r o s t a t i c  p r e c i p i t a t o r .  The s i z e  
w a s  determined by electron microscopy. The following range of 

1 conditions were covered: 2 
2260' R temperature, 2 .5  t o  30 milliseconds growth t i m e ,  and 1800' 
t o  2200° R supercooling. 

1 t o  1- atmospheres pressure,  1260' t o  

Approximately 50 p a r t i c l e s  were counted i n  each run; and the 
r e l a t i v e l y  low number w a s  considered adequate, s ince i n  each run 
a f a i r l y  small s i z e  d i s t r i b u t i o n  exis ted.  A t y p i c a l  p a r t i c l e  s i z e  
range was 1.0X10-5 t o  1.6X10-5 cm, the  maximum number occurring a t  
1. 3X10-5 centimeters. 

Over the e n t i r e  range of conditions covered, the  average par- 
t i c l e  diameters f e l l  between l . l X 1 0 ' 5  and 1.46X10-5 centimeter.  

The small s ize  range of p a r t i c l e s  i n  any one sample p a r t i a l l y  
The val idated Se tze ' s  assumption of growth i n  uniform s i z e  range. 

probable e r r o r  between calculated and experimental values was 
about &34 percent, thus indicating reasonable agreement with the 
analysis  . 

The r o l e  of foreign-body condensation nuclei .  - The subject 
of condensation and growth on foreign p a r t i c l e s  has not  been em- 
phasized. I n  order f o r  any appreciable amount of condensation t o  
occur, the number of p a r t i c l e s  must  approach the  number of c r i t i -  
c a l  drops present i n  supersaturated vapor. 
p a r t i c l e s  i n  a i r  i s  normally ins igni f icant  i n  comparison with the 
number of self-nucleated par t ic les .  

The number of d u s t  

An example t h a t  may be construed as an exception i s  when com- 
bust ion products contain two condensable products, such as with 
aluminum-boro-hydride f u e l .  
oxide, boric  oxide, and water vapor. Both aluminum oxide and 
bor ic  oxide are condensable a t  j e t  engine conditions.  The aluminum 
oxide would condense first since t h e  vapor pressure i s  about two 
orders of magnitude l e s s  than that of boric oxide. The boric  oxide 
would have aluminum oxide nuclei  t o  bui ld  upon, and thus boric 
oxi& growth would 5e accelerated.  Although t h i s  accelerated 
growth method has not been confirmed ex;?erimentally, an analogous 
observation was made by Arthur and N a g a m a t s ~ ( ~ ~ ) .  Arthur observed 
t h a t  small amounts of water vapor and carbon dioxide accelerated 
t h e  occurrence of the  condensation of nitrogen and oxygen i n  hyper- 
sonic tunnel tests; they a t t r i b u t e d  t h i s  accelerat ion t o  nuc lea t im 
by the t r a c e  const i tuents .  

The combustion products a r e  aluminum 

The condensation r a t e s  and p a r t i c l e  growth of multicondensable 
component systems should be solvable by the judicous appl icat ions 
of a n a l y t i c a l  expressions, such as equations (17)  and ( 1 9 ) .  
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Summary regarding growth of p a r t i c l e s  from condensable com- 
bustion products. - Reviewing t h e  l imitat ions,  it appears that 
p a r t i c l e  growth equations of c r i t i c a l  drop s i z e  type may be used 
a t  conditions of moderate supersaturation. A t  these conditions, 
i f  t h e  mount  of condensable f l u i d  i s  fixed, equations (13) and 
(15) must be a l t e r e d  t o  cor rec t  f o r  the  change i n  vapor pressure.  
A t  conditions of large amounts of supersaturation, no generaliza- 
t i o n s  can be made. The e f f e c t  of changes i n  surface tension, sub- 
c r i t i c a l  drop heating, vapor depletion, and probabi l i ty  of multi-  
molecule c o l l i s i o n  must be considered f o r  the p a r t i c u l a r  f l u i d  
considered. Unfortunately, the  e f fec t  of high supersaturation 
must be considered i n  each p a r t  of the  parent equations. 

8 
T w 

A t  the  conditions of high supersaturation, approximate solu- 
t i o n s  similar t o  those of Setze(17)would appear t o  be as r e l i a b l e  
as any, and have the merit  of s implici ty .  
growth caused by the consumption of small p a r t i c l e s  and vapor 
molecules seems t o  compensate f o r  lack of thermodynamic and k i -  
n e t i c  information. 

engine gas streams appear t o  be i n  the  subnicron range because of 
the residence t i m e s  involved. 

The sluggish terminal 

Experimentally, most p a r t i c l e s  formed by condensation i n  j e t  

Deposits Resulting From Incomplete Combustion 

It i s  d i f f i c u l t  t o  quant i ta t ively discuss the formation of 
depositable mater ia ls  caused by incomplete combustion. Each f u e l ,  
each system has i t s  own pecul iar  tendency t o  produce products t h a t  
may form surface residues.  
binders,  o r  addi t ives  that do not  r e a c t  completely and thus may 
p o t e n t i a l l y  c o l l e c t  on the  nozzle surfaces.  S l u r r i e s  of metals 
may be used i n  ramjets. 
pinge on engine surfaces before combustion i s  complete. More com- 
monplace f u e l s  such as the  hydrocarbons may form coke o r  smoke 
under c e r t a i n  combustor operating conditions.  

Sol id  rockets may contain f u e l s ,  

The metal i n  the  s l u r r y  may m e l t  and i m -  

O f  a l l  the cases, the  hydrocarbon-air systems has received the  
g r e a t e s t  a t t e n t i o n  and will be used t o  i l l u s t r a t e  sources of de- 
p o s i t s  through incomplete combustion. 

A survey of the  smoke and coke formation i n  the  combustion of 
hydrocarbons has recent ly  been published by Schal la  and Hibbard( 26) 
and i s  used as a nucleus of t h i s  discussion. Smoke i s  defined as 
t h e  s o l i d  suspended i n  the  combustion gases, and coke as the  matel..- 
i a l  adhering t o  combustor xalls. Smoke i s  a combination of carbon, 
hydrogen, and oxygen; a t y p i c a l  analysis i s  96.2 percent carbon, 
0.8 percent hydrogen, and the remainder i s  believed t o  be cxygen ( ref .  
2 7 ) .  Coke var ies  from s o f t ,  l igh t ,  f l u f f y  material t o  hard v i t r e -  
ous deposi ts .  Again, the  composition i s  predominantly carbon with 
small f r a c t i o n s  of hydrogen, oxygen, and perhaps t r a c e s  of su l fur .  

The general  mechanism of smoke formation presented by 
Schalla(26) i s  : 



(1) Some hydrogen atoms a r e  removed from the  f u e l  by thermal 
processes. 
molecule. 

The atoms i n  turn  fur ther  dehydrogenate the  f u e l  

( 2 )  These f u e l  molecules continue t o  decompose t o  smaller 
molecules and molecular fragments, and then undergo a simultaneous 
polymerization and dehydrogenation t o  form smoke. 

The preceding mechanism i s  consistent with smoking tendency 
of f u e l s  (aromatics > alkynes > olef ins  > p-paraffins) 

The terminal s i z e  of smoke p a r t i c l e s  i s  dependent on t h e  
i n i t i a l  polymerization s teps ,  followed by p a r t i c l e  agglomeration 
s teps  similar t o  those discussed i n  l i q u i d  droplet  growth. The 
mechanism of growth i s  confused by lack of knowledge of the ef- 
fect iveness  of p a r t i c l e  co l l i s ions .  Many indicat ions point  t o  
submicron p a r t i c l e  terminal s izes  f o r  the t r u e  smokes. 

The mechanism f o r  coke formation may be as follows: When 
f u e l  sprays impinge on hot walls, the  l e s s  v o l a t i l e  f u e l  f r a c t i o n s  
may indulge i n  l i q u i d  phase cracking. The degraded f u e l  f r a c t i o n s  
may be accelerated t o  the semisolid state by the  presence of 
oxygen, s ince oxygen i s  known t o  acce lera te  formation of high- 
molecular-weight asphal t ic  compounds. 

The "softness" of t h e  coke i s  assumed t o  be dependent on the 
amount of smoke ensnared i n  the  l i q u i d  phase of t h e  various coke- 
forming s teps .  

Factors noted i n  smoke and coke formation are:  

(1) Smoke and coke a r e  formed i n  f u e l  r i c h  regions. 

( 2 )  Increasing pressure increases carbon forming tendency. 

(3) Fuels vary i n  t h e i r  tendency t o  smoke and coke which i s  
r e l a t e d  t o  the  ease of hydrogen atom removal, compared with carbon 
bond s t a b i l i t y .  

Many of the features  of petroleum f u e l  smoke and coke forma- 
t i o n  a r e  consis tent  w i t h  other fue ls .  

Fuel-rich zones i n  combustors may produce degraded sol id-fuel  
products. Fuels t h a t  exhibi t  t h i s  tendency will be those contain- 
ing  elements t h a t  may e x i s t  i n  t h e  s o l i d  form, and a l s o  those 
whose p a r t i a l l y  oxidized f u e l  compounds e x i s t  i n  t h e  s o l i d  form. 
Examples of f u e l  elements that  may be i n  s o l i d  o r  l i q u i d  form a r e  
f u e l s  containing boron, aluminum, magnesium, and carbon. Higher 
molecular weight compounds, w i t h  hydrogen and/or oxygen, of each 
of the elements may a l s o  encounter conditions of l i q u i d  o r  s o l i d  
phase a t  many of the engine conditions. 
f u e l s  on combustor w a l l s ,  o r  combustion i n  excessively r i c h  zones, 
i n  a l o c a l  or gross sense may induce serious deposition. Figure 4 
compares an extreme case of coke formation i n  a turboje t  combustor 

Impingement of these 
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using hydrocarbon f u e l  t o  a combustor using a boron hydride f u e l .  
Both suffered from f u e l  impingement, general ly  enriched f u e l  
zones, and f u e l s  susceptible t o  f u e l  degradation, 

Deposits resu l t ing  from t h e  use of a boron hydride 
f u e l  

Deposits resu l t ing  from the use of a petroleum f u e l  
with s t rong coke formingtendencies.  

Figure 4. - Examples of severe combustor deposi ts .  
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MECHANISM O F  SURFACE DEPOSITION 

The mechanism of surface deposition i s  a r b i t r a r i l y  divided 
i n t o  : 

(1) Deposition controlled by p a r t i c l e  diffusion ( p a r t i c l e s  
less than 1/2-micron diameter) 

( 2 )  Deposition by impact of large p a r t i c l e s ,  5-micron diam- 
e t e r  and grea te r  

This divis ion seems j u s t i f i e d ,  s ince most p a r t i c l e s  a r e  
formed by the following methods : 
t i o n )  of a condensable consti tuent i n  the  main gas stream, (b)  
poorly atomized and thus unburned f u e l  sprays, and ( c )  p a r t i c l e s  
formed when l i q u i d  films on engine surfaces a r e  blown back i n t o  
the gas stream. The p a r t i c l e  growth r e l a t i o n s  presented e a r l i e r  
ind ica te  t h a t  t h e  residence time ava i lab le  f o r  the  condensation of 
combustion products ( a )  limits p a r t i c l e  s i z e  t o  the, submicron 
range. 
produce p a r t i c l e s  s i z e s  la rger  than 5 microns. (The atomization 
of l i q u i d  f i lm  i s  discussed i n  a l a t e r  sect ion of t h i s  a r t i c l e . )  

(a)  l iquefact ion (or s o l i d i f  i ca-  

The dynamic forces available f o r  atomization (b  and c )  

Diffusion of Vapors and Molecular Clusters 

Diffusion coef f ic ien ts .  - The diffusion r e l a t i o n s  f o r  a con- 
densable vapor i n  a mixture of gases are qui te  complex. 
rigorous equations and some of t h e  s implif icat ions a r e  presented 
as follows: 
R.  Brokaw(28), i n  which he reviews recent contributions i n  t h e  

Buddenberg and Wilke ( 31) . ) 

The 

(Eqs. (20) t o  ( 2 5 )  are  from unpublished notes by 

f i e l d  of diffusion by Hirschfelder and Curt iss  (29-30) and 

The diffusion coef f ic ien t  f o r  a vapor, i, i n  a mixture of 
gases contining u components can be found from 

1 - x i  - 
D i m  - u 

i 20) 
k=l 
k f i  

where x i s  mole f r a c t i o n ,  and 

gi,k = 
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where '9 i s  i n  square centimeters per  second, T 
' .  M i s  t h e  molecular weight, and D, molecular diameter, i s  i n  

angstroms. 

i s  given i n  %, 

The quant i ty  R describes the e f fec t ive  c o l l i s i o n  cross 
sect ion and i s  the function of 
w a l l ,  r e f  30). Values of R are given i n  Hirschfelder and 
C u r t i ~ s ( ~ O )  f o r  many molecules of i n t e r e s t .  
mated f o r  nonpolar gases from c r i t i c a l  point  data. 

kT/E (E, energy of the poten t ia l  

Values may be esti-  

The current  indefini teness  of the p o t e n t i a l  energy var ia t ions  
and c o l l i s i o n  diameters of c lusters  of molecules makes the use of 
the  re f ined  diffusion equations a questionable luxury. 

A s  a f i rs t  approximation, the diameter of molecular c l u s t e r s  
may be based on equivalent r i g i d  spheres. The diffusion coef f i -  
c i e n t  f o r  a binary system then reduces t o  

where D i s  i n  centimeters and m i s  mass of p a r t i c l e .  If 1 
r e f e r s  t o  t h e  p a r t i c l e  and 2 t o  the medium where m l > >  rnz and 
D1>> D2,  the  equation reduces t o  

For s t i l l  l a r g e r  p a r t i c l e s ,  the viscous e f f e c t s  of the  f l u i d  ap- 
pear.  The diffusion coef f ic ien t  i n  t h i s  range i s  described by the  
Einstein equation. 

kT 
%(viscous) = q 

Combining gives 

Considering the gaseous medium as r i g i d  spheres 

and 

Equation (25a) has been writ ten as a molecular diffusion equa- 
t i o n  corrected f o r  viscous e f fec ts .  Whereas (25b)  has been wri t ten 
as a molecular correct ion t o  t h e  continuum viscous equation. Both 
a r e  r e l i a b l e  i n  the extremes. 
troduces a t  most, a 20 percent var ia t ion from the  cur ren t ly  ac- 
cepted s l i p  correct ion t o  the Einstein equation. 

It i s  i n t e r e s t i n g  t o  note (25) i n -  
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I Thermal diffusion of vapors and molecular c l u s t e r s .  - D i f -  
fusion of p a r t i c l e s  i n  the presence of a temperature gradient i n -  
troduces the forces  of thermal diffusion. The forces  of thermal 
diffusion f o r  vapor molecules require a c a r e f u l  evaluation of the  
in te rac t ion  poten t ia l s  (von K & I T & ~ ( ~ Z ) ) .  
molecules, the large tend t o  migrate t o  the  cold surfaces.  

I n  the  case of hard 

Chapman(33) suggests t h a t  the forces  of molecular thermal 
diffusion w i l l  have a small e f f e c t  on the over-al l  dif fusion rate 
a t  conditions corresponding t o  the j e t  engine conditions consid- 
ered herein.  For an exact treatment of t h e  forces  of thermal d i f -  
fusion,  reference 30 i s  suggested. 

Molecular c l u s t e r s  i n  a temperature gradient will be acted on 
by the gaseous p a r t i c l e s  i n  a manner analogous t o  thermal diffu-  
s ion of large molecules. 

Caw~od(~*)  describes t h i s  e f f e c t  on the  motion of smoke and 
dust  p a r t i c l e s  i n  a temperature gradient.  

Cawood’ s equation i s  : 

P L ..2 2;ayr 0 Driving force = - 
L i s  mean f r e e  path 
where a l l  terms a r e  re fer red  t o  gas stream, excluding t h e  p a r t i c l e  
radius  r. 

Smith(35), i n  invest igat ing equation (26),  concludes t h a t  f o r  
highly cooled turbines mass diffusion will be most s t rongly aug- 
mented by the  thermal diffusion when p a r t i c l e  diameters a r e  between 
0 . 5 ~ 1 0 - ~  t o  5 ~ 1 0 - ~  centimeter. 

Mass t r a n s f e r  r e l a t i o n s .  - Treating a mixture of gases as a 
s ingle  gas, a binary mass flow equation f o r  vapor may be wri t ten 
as 

where w i s  mass flux (moles/(cm2)(sec)). The case of grea tes t  
i n t e r e s t  i n  deposition i s  diffusion through a stagnant film; i n  
t h i s  case, wz = 0 and, since xz = (1 - x l ) ,  

A more re f ined  f lux  equation f o r  diffusion through multi- 
component stagnant stag.mixtures i s  

D 1 
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,.,liere u are the components in the static film. When xi << 1, 
the expression may be written as 

Di,m 
Using similarity relations, the equations of momentum trans- 

is as defined in equation (26). 

fer can be transformed into heat o r  mass transfer, thus mass trans- 
fer relations can be obtained for cynamic systems. E~kert(~~) sug- 
gests that the Nusselt number for heat transfer can be transformed 
to mass transfer by replacing the Prandtl number by the Schmidt 
number and replacing thermal conductivity, A, by the diffusion 
coefficient : 

h 2  
9 hZ A% = f(Re,Sc),,, - = f(Re,Pr)heat equivalent to h 

This same substitution often appears in the Stanton number 
form using the coefficient of friction 

equlvalent to 

Cf: 

Stg = Sh = f (Cf,Sc) St = f(CfyPr)heat 

Sh is the Sherwood number. 

An example of the resulting equation for mass transfer to a 
flat plate with laminar flow is: 

cf cf St = - (Pr)-2/3 o r  Sh = - (SC)-'/~ 
2 2 

0.332 - -  h9 - 213 &e (sc) 

this relation can be directly transformed into the equivalent N 
Nusselt form to give: 

h 2  a = 0.332 & (Sc)ll3 9 

The equations for mass transfer in laminar flow are then 

dn A -  - -  dn - (0.332)~ 
d4 &e (SC) 2/3 dy 

or 

A h  - -  dn = 0.332 @ (Sc)l13 
d.r Z d y  

(33) 

(34) 

The deposition rates of a condensable vapor can be compared 
with rates of deposition Of various size molecular clusters by the 
use of equations (33) or (34) for the case of (1) constant number 
of condensable molecules, (2) constant Reynolds number, and 
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(3) equivalent mass concentration (vapor and particle concentra- 
tion zero at wall). The results are presented in figure 5: 

P a r t i c l e  diameter, microns 

Figure 5. - The e f f e c t  of par t ic le  diameter on r a t e  of deposition. 

The deposition rate of the molecular clusters in the size 
range expected in jet engines is several orders of magnitude less 
than that of vapor. Some questions as to the validity of these 
relations may exist for the particles, since Schmidt numbers of 
lo5 are approached for 0.1 micron particles at realistic condi- 
tions. 
indicated are real. 

However, it is felt that, for laminar flow, the trends 

The simple substitution inferred in equation (30) is not 

Rei~hart(~~) and 
proper in turbulent flow at high Prandtl or Schmidt numbers be- 
cause of the dominance of eddy diffusivity. 
Metzner and Friend(”) have developed relations that allow for the 
increasing importance of eddy diffusivity at these conditions. 
Metzner and Friends equation in Stanton number form is: 

and for mass transfer, 
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Cf 12 
Sh = 1.2 + (Sc - l)b,/W (35) 

where b' is the Reichart b' function and is defined as 

In effect, b' expresses the ratio of molecular flux to total 
flux averaged over the turbulent boundary layer. 

Values of b' are presented in reference 38 for Schmidt num- 
bers up to 3000. The design equation (pipe flow) recommended is: 

( 3 7 )  
- Cf/2 Sh c 

(Sc<:3000) 1.2 + 1 1 . 8 w ( S c  - ~)(SC)-~/' 

Experimental results. - S e t ~ e ( ~ ~ )  measured the deposition 
rates on a surface immersed in the combustion products of penta- 
borane and trimethylborate methanol azeotrope. The test conditions 
encompassed temperatures from 1200° to 1900" R, pressures from 1.0 
to 1.5 atmospheres, and boric oxide concentrations from (2.7 to 5) 

The deposition rates were meas- 
ured by operating the combustor f o r  a fixed period of time and 
measuring the amount of boric oxide congealed on the surface of a 
flat plate. 

XlOl3 particles per cubic foot. 

The experimental r.esults of Setze were analyzed first to de- 
Equation (19) was used to termine an approximate Schmidt number. 

estimate particle size. A diffusion coefficient, and thus a 
Schmidt number, was then calculated for this particle size. The 
Schmidt numbers varied from (0.4 to 1.4)xlO . Cursory application 
of these Schmidt number results to a transport equation, using the 
relations of equation (37), gave values of deposition rates about 
3 orders of magnitude less than the observed rate. This result 
was not surprising in view of the abnormally high Schmidt numbers. 
It is to be expected that the molecular flux of the large parti- 
cles is small compared with the eddy flux. In essence the term 
b' 
numbers of 10 . The deposition rates were calculated by equation 
(35) modified to flat plate form and 
The resulting equations were: 

5 

ir, eqdation (35) m i g h t  be expected to azproach zero at Schmidt 
5 

b' was set equal to zero. 

(Cf based on 
smooth flat 
plate data) 

0.074 
2 (Re ) O 2  

Sh = 

dn dn - = (Sh)u dz 
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. 
The particle concentration was assumed to be zero at the 

w a l l .  The results are presentedin figure 6. 

Attached nubers M gae strea temperatures '?I 4 

. I320 
0 la/ 0 

1530 / 

. 2  .1 .6 .e 1.0 1.2 1.4 1.6 
cdcuhted deposition rate, partichs/sp it-sec 

Figure 6. - Cm.pison of analytical and exprimental boric oxide deposition rates. 

The agreement between experimental and calculated values is 
good. Better agreement is possible if the coefficient of friction 
is juggled to account for the surface roughness caused by de- 
posits of boric oxide. It is interesting to note that gas temper- 
ature causes a consistent deviation of the data. The uncooled 
flat plate temperature was roughly proportional to the gas stream 
temperature. It would be expected that the deposits would be 
thicker and rougher at the lower temperature conditions. 
the deviations in measured rate are in accord with variations in 
temperature and hypothesized variation in coefficient of friction. 
In a later section, the relation between wall temperature and 
friction will be treated in more detail. 

Thus, 

Deposition by Impact of Large Particles 

Large particles xay be fmmeil ir? the combistor zs 8 resQlt of 
poor fuel sprays, or as coke-like deposits that break away from 
engine surfaces. In the case of solid-propellant rockets, it may 
be caused by nothing more than unglamorous disintegration of the 
fuel charge. Particles from these origins are difficult to 
c las s if y . 

Types of particles that respond to a slightly more analytical 
definition are those that start their existence as submicron parti- 
cles, diffuse to walls, form liquid films, and finally form drops 
as the films are dispersed back into the gas stream. 

- 26 - 



. 
Reasonable approximations can be made of the  s i z e  and number 

of p a r t i c l e s  formed by t h i s  process i n  a number of cases. An ex- 
ample i s  the  surface of a combustor exposed t o  a condensable 
vapor. 
culated by mass t ransfer  re la t ions of t h e  type previously dis-  
cussed. If t h e  surface terminates i n  t h e  gas stream, the  l i q u i d  
fi lm must enter  t h e  gas stream. During t h e  process of entering, 
the high ve loc i ty  gas w i l l  tend to  break up the film. 
ac t ion  forces  are simply those of the l i q u i d  atomization proc- 
esses .  Atomization i s  comprehensively t r e a t e d  i n  the literature 
(ref.  40) and so w i l l  not be reviewed i n  d e t a i l  herein.  
t i o n s  of the more comprehensive equations allow the estimate of 
drop s i z e  and s i z e  d i s t r i b u t i o n  for  l iqu ids  of various physical  
propert ies .  Analysis f o r  par t ic les  generated by atomization of 
l i q u i d  films from engine surfaces ind ica te  that most would be 
l a r g e r  than 10 microns. 

The amount of l i q u i d  col lect ing on t h e  surface can be cal-  

The i n t e r -  

Applica- 

Information on the p a r t i c l e  s i z e ,  mass, and concentration of 
these la rger  drops can be used t o  p r e d i c t  deposition rates due t o  
p a r t i c l e  impingement. The subject of p a r t i c l e  impingement i s  
thoroughly covered i n  the l i t e r a t u r e ,  l a rge ly  motivated by a i r -  
c r a f t  i c ing  problems. Recently, work has appeared directed to-  
wards the solut ion of turbine fouling, f o r  example, publications 
by Smith(35), M a , r t l e ~ ( ~ l ) ,  and H ~ d g e ( ~ ' )  . 

The common s t a r t i n g  point  f o r  a l l  impingement s tudies  i s  the 
equations of motion of a p a r t i c l e  i n  a moving gas stream. 

These equations of motion for  a two-dimensional case or f o r  
a body i n  axisymmetric flow are i d e n t i c a l  and may be expressed as 

where 

K 

CD 

vz 

'r 

U 

V 

U 

-- 2 pr'u 
9 P I  

drag coef f ic ien t  f o r  drops 

axial veloci ty ,  r a t i o  of actual  droplet  veloci ty  t o  f r e e -  
stream veloci ty ,  dimensionless 

corresponding veloci ty  r a t i o  perpendicular t o  ax is  of flow 

l o c a l  air  veloci ty  r a t i o  referred t o  f r e e  stream 

l o c a l  droplet  veloci ty  referred t o  f r e e  stream 

free-stream veloci ty  
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. 
b droplet  densi ty  

2 charac te r i s t ic  dimension of obstruction t o  flow 

The equations a r e  often written i n  the  dimensionless form 
j u s t  shown t o  make the r e s u l t s  more general .  The coef f ic ien t  of 
drag var ies ;  so t h a t  tabulated values f o r  spheres, such as appear 
i n  reference 43, are of ten used. The Stokes l a w  value appl ies  as 
r e l a t i v e  ve loc i ty  approaches zero. 

The solut ion of the equations i s  d i f f i c u l t  because terms such 
as veloci ty  components and coeff ic ient  of drag are inextr icably 
entwined. The procedures employed of ten involve step-by-step 
analysis  of the p a r t i c l e  motion i n  t h e  p a r t i c u l a r  flow f i e l d  i n  
question. Solution may be accelerated by the  use of d i f f e r e n t i a l  
analyzers. One such d i f f e r e n t i a l  analyzer used i n  droplet  t r a j e c -  
t o r i e s  s tud ies  i s  discussed i n  reference 44. Even with the a i d  of 
the mechanical gadgetry, simplifying assumptions must be made t o  ' 

keep the problem within reasonable bounds. 
are : 

The usual assumptions 

(1) The droplets  move a t  the sane veloci ty  as the  gas ahead 
of t h e  d is tor ted  flow f i e l d .  

( 2 )  The droplets  can be t rea ted  as spheres and do not change 
with s i z e .  

( 3 )  Gravi ta t ional  forces  a r e  negl igible .  

Many solut ions of the  droplet t r a j e c t o r i e s  have been com- 
pleted.  
f o r  a turbine cascade. Members of t h e  Lewis  Research Center have 
completed solut ions f o r  many of the p a r t i c l e  sizes,  flow condi- 
t i o n s  (pressure,  temperature, and veloci ty)  and flow f i e l d s  of 
i n t e r e s t .  
tangular half bodies ( r e f .  45), cylinders ( ref .  44),  spheres ( ref .  
46), several  e l l i p s o i d s  ( r e f s .  47 and 48), 60' and 90° elbows 
(refs.  49 and 5 0 ) ,  and various a i r f o i l  shapes (refs.  51 and 5 2 ) .  
I n  the  large number of flow f i e l d s  t r e a t e d ,  almost a l l  probable 
i n t e r n a l  flows have been approached t o  a degree of accuracy com- 
mensurate with the  accuracy of the other var iables  i n  the study of 
deposit ion.  If desired,  it i s  possible t o  synthesize addi t iona l  
flow f i e l d s  by superposing p a r t s  of ex is t ing  solut ions.  

Martlew(41) presents theore t ica l  and experimental r e s u l t s  

Some of t h e  flow f i e l d s  explored are those around rec- 

A t y p i c a l  set  of impingement data f o r  a cyiinder from refer -  
The flow f i e l d  of the ence 44 i s  shown i n  the next three f igures .  

cyl inder  i s  shown i n  f igure  7. 
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Figure 7. - Air streamline and droplet trajectories with respect t o  right circular cylinder. 

Typical droplet trajectories at a free-stream Reynolds number 
of 63.246, inertia parameter, (K=Z,pZr2u/p2), and 
flow parameter, Reg/K) of 1000 are shown in figure 8. 

cp (generalized 

X 

Figure 8 - TraJectories of droplets Impinging on cylinder. Free-stresm Reynolds nunher, 
63.246; inertia parmeter, 4; 9, 1ooO. 
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The results integrated for the entire cylinder resQlt in a 
collection efficiency for the cylinder. A typical result is shown 
in figure 9, where cp is the flow parameter and K is the in- 
ertia parameter previously defined. 

1.0, I I 

.1 
Iner t ia  parameter, k 

Figure 9. - Cylinder collection efficiency. 

100 

Quite accurate estimates of droplet impingement are available 
by use of the preceding data; but, if a variety of shapes are to 
be treated, the method requires a fairly large stockpile of refer- 
ences. 
one such method is discussed by Smith(35). 
lead of G. I. Taylor, defines an impact number 1'. If I' is less 
than 1/8, the particle escapes the surface; I' , expressed for the 
potential flow field normal to a cylinder at the stzgnation point, 
is 

Approximate solutions of trajectory calculations exist; 
Smith, following the 

where the Reynolds number is based on the radius of the cylinders. 

Limitations of impingement studies. - The effect of compres- 
sible flow on droplet trajectories has been examined in reference 
53. Little effect is noted at velocities up to critical; the 
small changes of compressible flow do not warrant the additional 
effort. Most of the work on droplet trajectories was based on 
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water, which has a r e l a t i v e l y  high surface tension; thus,  droplet  
sha t te r ing  usually has been neglected. However, f o r  p a r t i c l e s  
whose cohesive forces  are small, the e f f e c t  of the  dynamic forces  
experienced by the drop as it intercepts  flow streamlines should 
be a t  l e a s t  cursor i ly  examined t o  see if  conditions of p a r t i c l e  
sha t te r ing  e x i s t .  

Summarv Remarks on DeDosition 

Examination of the r e l a t i o n s  i n  f igure  9 o r  the  use of equa- 
t i o n  (36), although they do not agree exactly,  do point  out t h a t  
p a r t i c l e s  l e s s  than lX10'4 centimeter (1 micron) w i l l  not c o l l e c t ,  
because of impingement. On the  other hand, the diffusion r e l a -  
t i o n s  ind ica te  very slow rates of deposition i n  laminar flow f o r  
p a r t i c l e s  that approach the l m i c r o n  s i z e .  Deposition r a t e  ex- 
pressions e x i s t  f o r  p a r t i c l e s  i n  turbulent flow f o r  Schmidt num- 
bers  up t o  3000 and f o r  Schmidt numbers grea te r  than lo5. 
turbulent  mass t ransfer  r e l a t i o n s  apparently respond t o  the gen- 
eral  s imil i tude r e l a t i o n s  and indicate  s i g n i f i c a n t  deposits may 
form a t  j e t  engine conditions.  

The 

DEPOSIT THICKNESS 

Liquid Film Thickness 

Thickness of l i q u i d  films with concurrent gas flow has been 
calculated by Abramson(54) on the  basis of simultaneous solut ion 
of boundary-layer equations of the l i q u i d  and gas flow. The 
method employed by Abramson was t o  note t h a t  the pressure drop per 
u n i t  length i n  the gas must be equal t o  the  pressure drop of a 
f i c t i t i o u s  continuation of the l iqu id  f i lm.  Appropriate values of 
f r i c t i o n  f a c t o r s  were used for both gas and l i q u i d .  I n  essence, 
it was s t i p u l a t e d  t h a t  a t  the liquid-gas phase boundary, the shear 
stress was equal f o r  t h e  two f lu ids .  The f i n a l  equation f o r  the 
f i l m  thickness was 

where 

t h e  quantity y+ i s  a dimensionless boundary-layer parameter (see 
r e f .  55).  
of l i q u i d  flow r a t e ,  wetted perimeter, and v iscos i ty ;  the  r e s u l t s  
appear i n  graphical form i n  reference 54. 

The parameter w a s  evaluated by Abramson as a function 

A similar expression f o r  thickness of l iqu ids  has been sug- 
gested by S e t ~ , e ( ~ ~ ) .  
t h e  l iquid-gas in te r face ,  b u t  t h e  a n a l y t i c a l  expression i s  

His expression again equates shear s t r e s s  a t  
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simplif ied by 
l i q u i d  film. 

the assuiiption of a l inear  ve loc i ty  p r o f i l e  i n  the 

3 

Application of the  cont inui ty  equation f o r  the  l i n e a r  ve loc i ty  
gradient  r e s u l t s  i n  

(42) 

where i s  rate of l i q u i d  flow. 

Setze t r e a t e d  only the case of turbulent  gas stream and 
laminar l i q u i d  films. 
t i o n s  could be made of the  laminar gas stream - laminar f i l m  and 
turbulent  gas stream - turbulent l iqu id  f i lm i f  the appropriate 
Cf i s  used. The assumption of l i n e a r  veloci ty  gradient  f o r  a 
turbulent  film would probably indicate a f i l m  s l i g h t l y  thicker  
than a c t u a l i t y .  

S t a b i l i t y  of Liquid Films 

It would appear t h a t  reasonable approxima- 

/ '  I' 

It i s  of i n t e r e s t  t o  estimate when l i q u i d  fi lms become t u r -  
bulent ,  since the onset of turbulent disturbances i n  the l i q u i d  
f i l m  increases f r i c t i o n a l  losses .  This change i n  l i q u i d  f i l m  
proper t ies  w a s  noted by A b r a m ~ o n ( ~ ~ ) ,  who estimated the  t r a n s i t i o n  
t o  turbulent  l i q u i d  flow was accompanied by a 2-to-4-fold increase 
i n  f r i c t i o n a l  losses .  

The t r a n s i t i o n  t o  turbulent l iquid flow occurs when the  flow 
r a t e  of the l i q u i d  i s  s u f f i c i e n t  t o  increase the  l i q u i d  f i lm 
thickness t o  t h e  point where turbulent forces predominate over the  
viscous forces .  

The conditions for smooth laminar l iqu id  f i lms,  using the  ap- 
proach of A b r a m ~ o n ( ~ ~ ) ,  a t  

above 2 1  the  film becomes progressively ncre turbulent .  

y+ = 1 2  (y' i s  defined i n  eq. 
(41); disturbances appear a t  v a l ~ e ~  ~f y+ betwee= 1 2  t o  21; 

An approximate method of defining the condition of flow 
t r a n s i t i o n  i s  suggested by K n ~ t h ( ~ ~ ) .  
gradient  i n  the l i q u i d  f i lm i s  assumed constant as i n  equation 
(42), the  dimensionless s t a b i l i t y  parameter t '  (see  ref.  58) may 
be calculated f r o m  

If t h e  normal veloci ty  
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' When t' is greater than 30, the flow should be assumed turbu 
lent. These equations assumed liquid viscosity was constant 
through the film. Solutions exist for variable viscosity 
(ref. 57). 

The interdependence of flow stability, film thickness, and 
coefficient requires iterative solutions for flow near the trans- 
ition point. Unfortunately, the variation of Cf with transition 
into turbulent flow is not well known. 

Mixed Phase DeDosit Thickness 

Solids suspended in liquid films may greatly affect the flow 
behavior of viscous liquid films. One of the more obvious ex- 
amples is the large particles lodged in a viscous film. If a tem- 
perature gradient exists in the film, then the large particles 
communicate the high flow resistance of the cooler fluid into the 
m3in gas streams. 

Interesting effects have been observed in that apparently 
trace mounts of some solids exhibit a large effect in increasing 
or decreasing viscosity of some fluids films. 

Thickness of Solid Deposits 

The thickness of solids cannot be predicted. with any degree 
of accuracy. Most of the solid deposit work is highly 
qualitative. 

Some evidence exists to indicate that solids formed in the 
gas stream do not in themselves form surface deposits. The gas- 
borne solids deposit only when liquids bind them to surfaces. 

Support for this point of view is the observation of the 
small attractive forces of "dry" particles for solid surfaces. 
Also ,  experimental work on combustion of magnesium is in accord with 
the low "sticking probability. It 
magnesium slurries that produced about 1/8 pound of magnesium 
oxide per pound of air. When the combustion efficiency was high, 
only traces of deposits were noted on exit nozzle surfaces. The 
deposits in the engine usually appeared to be caused by traces of 
unburned molten magnesium metal. 

Ramjet engines were operated with 

EFFECTS OF DEPOSITS 

The effect of deposition on component performance can be ap- 
proached by relating the deposition effect to the effect of sur- 
face roughness on skin friction drag and the effect of roughness 
on transition from laminar to turbulent flow. 
articles exist in this field. Convenient summary articles are 
also available on both these subjects, for example, Cla~ser's(~~) 
paper on the turbulent boundary layer and Dryden's(60) review of 

Many excellent 
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* .  the effect of roughness on boundary-layer transition. A recent 
study by Goddard(G1) indicates that, for roughness sizes where the 
quadratic resistance law holds, the skin friction drag is a simple 
function of the roughness Reynolds number at speeds up to a Mach 
number of 5, the same as in the incompressible-flow case. 

Thus, if the deposits result in moderately well distributed 
surface roughness, the frictional losses can be accurately calcu- 
lated from the subsonic surfaces of the combustor to the surfaces 
exposed to supersonic velocities in the exhaust nozzle. 

At times the deposits w i l l  penetrate through the boundary 
layer. When this occurs, the usual surface roughness Reynolds 
number functions cannot be used. At these conditions, wave drags 
will be encountered and may be quite large at supersonic flow 
conditions. 

An examples of the losses in stream thrust caused by deposits 
on surfaces exposed to supersonic f low are shown in figure 10. 

fi 
.rl 

o in t  of divergence 

6 

4 

2 

10 20 30 40 50 60 70 
Time f r m  i n i t i a t i o n  of boron-hydride h e 1  flow, sec 

Figure 10. - The ef fec t  of boric oxide deposits on the  performance of a 
convergent-divergent nozzle. 

The deposits resulted from deposition of boric oxide on the sur- 
faces of a convergent-divergent nozzle. It was established that 
the loss was primarily due to drag on the divergent (supersonic} 
part of the nozzle. Quantitative control of the amount and 
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c h a r a c t e r i s t i c  of t h e  deposit  was not maintained, bu t  some t rends 
can be observed. 

The time h i s to ry  of three tests i s  shown. These tes t  dif- 
f e r r e d  i n  f u e l - a i r  r a t i o  of the boron-containing f u e l .  
temperature t es t  a l s o  had the  highest bor ic  oxide concentration i n  
t h e  gas stream. The losses  i n  stream momentum appeared t o  be 
completely dominated by t h e  surface temperatures of t h e  nozzle. 
I n  order t o  r e l a t e  surface temperature t o  v i scos i ty  of bor ic  oxide 
and thus r e l a t i v e  thickness of deposit ,  a f e w  representa t ive  
values of v i scos i ty  are l isted: 

The high- 

poise 

3,500 

60,000 
300,000 

12,000 

Examination of t he  f r i c t i o n a l  losses  of t h e  low w a l l -  
temperature data indicated that surface roughness was probably 
producing a form of wave drag. 

Similar  tests have been conducted i n  s tud ies  of flow through 
turb ine  nozzles. An example i s  reference 62, wherein measurement 
was made of losses  due t o  foul ing of turbine s t a t o r  blades by f u e l  
ash.  The r e s u l t s  indicated a d i r ec t  co r re l a t ion  of cascade per- 
formance loss with operating t i m e  and w i t h  mass of f u e l  burned 
when the blade temperatures were below the s o l i d i f i c a t i o n  point  
of t h e  f u e l  ash. The losses  increased rap id ly  with deposi t  weight 
and amounted t o  a 35-percent drop i n  discharge coe f f i c i en t  a t  the  
end of a 20-hour t es t .  High e f f i c i enc ie s  could be maintained if  
the blades were operated above the  melting point  of the f u e l  ash.  

Predictable  e f f e c t s  of deposits on engine performance include 
flow of viscous l i qu ids  through nozzles. The change i n  th roa t  
areas can be a n a l y t i c a l l y  predicted by equations such as (42) i f :  
(1) The upstream conditions a r e  such as t o  permit a reasonable 
estimate of mss flow rate of the  film, and ( 2 )  the v i scos i ty  of 
t h e  l i q u i d  f i lm  i s  known. 

An i n t e r e s t i n g  e f f e c t  of viscous l i q u i d  f i lms  i s  the  tendency 
t o  c o l l e c t  i n  separate  flow regions. The k ine t i c  forces  tending 
t o  remove the f i l m  a r e  markedly reduced (eqs.  (41) or  (42))  and 
thus  the viscous deposi ts  accumulate. If an adverse pressure 
grad ien t  e x i s t s  i n  the boundary layer,  these deposi ts  may tend t o  
move upstream and cause a l a rge r  disturbance t o  flow. 

Losses of performance i n  rocket engines are d i f f i c u l t  t o  pre- 
s en t ,  s ince t h e  r e s u l t s  are of ten  ca tas t ropic .  The deposi ts  ap- 
pa ren t ly  a f f e c t  f u e l  spray pat terns ,  producing t h e  ser ious perform- 
ance losses .  
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I n  general, perhaps the most severe losses  caused by deposits 
a r e  those i n t e r f e r i n g  with combustor performance. Small t r a c e s  of 
deposi ts  can a l t e r  f u e l  spray patterns,  which may i n  turn  acceler-  
a t e  new deposits and thus es tab l i sh  a pathway t o  engine f a i l u r e .  

CONCLUDING REMARKS 

An attempt has been made t o  enumerate some of t h e  f a c t o r s  
leading t o  deposits i n  j e t  engines and t o  b r i e f l y  i l l u s t r a t e  some 
of t h e  consequences of t h e i r  existence. The approach used i n  
developing t h e  r e l a t i o n s  r e l a t i n g  t o  t h e  cause and e f f e c t  of de- 
p o s i t s  and possible cures was, of course, prejudiced by the 
au thor ' s  immediate experiences. It i s  hoped, however, t h a t  some 
l i g h t  has been c a s t  on the understanding, o r  i n  some cases the 
lack  of understanding, of the physical s teps  leading t o  formation 
of t h e  surface residues.  
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SYMBOLS 

area 

growth rate constant 

Reichart b' function 

constant 

coefficient of drag 

coefficient of friction 

diameter 

diffusion coefficient 

free energy of particle 

function 

number of particles or molecules 

heat transfer coefficient 

mass transfer coefficient 

droplet formation rate 

impact parameter 

a constant, or an inertia parameter 

Boltzmann constant 

mean free path 

heat of vaporization 

length 

molecular weight 

mass of molecule 

number of liquid molecules 

number of vapor molecules 

number of particles per unit volume 

Prandtl number 

pressure 

Reynolds number 
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S 

sc 

Sh 

St 

T 

t 

U 

V' 

v 

vi 
V 

W 

W 

X 

Y 

P 

e 
h 

CL 

u 

P 

0 

z 

'c '  

Y 

radius 

sum of effective diameters 

Schmidt number 

Sherwood number 

Stanton number 

temperature 

thi c kne s s 

velocity 

dimensionless velocity 

volume 

volume of one molecule in liquid phase 

velocity 

mass flux 

weight flow rate 

mole fraction 

dimens ion 

molecular collision term 

number of collisions 

thermal conductivity 

viscosity 

number of constituents 

density 

surface tension 

time 

shear stress 

collision frequency function 

Subscripts : 

0 reference state, original state 
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1,2,3 number of molecules or constituents 

00 infinity 

Q number of particles or molecules 

2 liquid 

P part ic les 

r n o m 1  or radial direction 

v vapor 

Z dimension 

Superscript : 

* critical particle 
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